INTRODUCTION
Focused ion beam (FIB) microscopy has been available for over 20 years, but substantial improvements in recent years has delivered a powerful technique for the study of surface structures. Ion channeling contrast, produced by secondary electron emission from the Ga ion interaction with the surface is a high sensitivity, high resolution technique for revealing phase distributions and deformed structures. Moreover, the ion beam can be used to take sections of the worn surface for subsequently removal for TEM. Despite the major advantages of ion channeling contrast and 3-D sectioning, the technique has only recently been applied to worn surfaces. This paper demonstrates the power of the technique in the study of the worn surface of 3 very different materials, namely 1) Al-alloy metal matrix composites, reinforced with MoSi 2 and CrSi 3 , worn under lubricated sliding, with very low wear rates; 2) hot rolled aluminium alloys, where the surface structure leads to enhanced Filiform corrosion, and finally 3) the worn surface of TiAlN/VN multilayer coatings, where friction induced oxide formation results in significant changes in friction coefficient.
EXPERIMENTAL WORK
Focused ion beam microscopy was undertaken on a Jeol 6500F Fabrika dual beam FIB and on an FEI Quanta 200. Alalloy MMCs, reinforced with MoSi 2 and Cr 3 Si, were manufactured by a powder metallurgy/extrusion route. The worn surfaces were produced by lubricated sliding wear, against an M2 counterface, at a load of 630N. The hot rolled aluminium surfaces were obtained from two routes. Commercial hot rolled transfer bar of a AA3104 Al alloy was obtained from Alcan International. The TiAlN/VN superlattice coatings were produced by in an industrial scale physical vapour deposition coating machine on stainless steel substrates. Deposition was undertaken using the Arc Bond Sputter (ABS) process by reactive unbalanced magnetron sputtering. Dry sliding wear was undertaken at 5cm/s against an Al 2 O 3 6mm diameter ball, under a force of 1N at temperatures between room temperature and 630oC (temperatures selected on the basis of prior oxidation studies). Figure 1 shows a secondary electron image of a worn Alalloy-Cr 3 Si composite. The specific wear rate was low (7.3x10 -10 mm 3 /Nm), firmly within the mild wear regime. Consistent with this, the worn surface (upper region) was smooth, although it exhibited mild pitting. The region of interest, where the reinforcement volume fraction was higher than expected, was imaged and then protected by a Pt deposit. The subsequent Ga ion beam cut, perpendicular to the worn surface can be seen. The secondary electron image shows that the raised reinforcement content was a result of fragmented reinforcement particles being pressed into the surface; a result that was not obvious from the plan view. Fig. 1b shows an ion channeling image of a similar area, in which four different phases can be distinguished. In this region, no reinforcement fracture had occurred. Subsequent TEM demonstrated that there was substantial plastic deformation at the surface, but restricted to within around 1µm of the surface. Subgrain size was similar to that found for dry sliding of similar Al alloys. Fig. 2 shows a channeling contrast image from hot rolled transfer bar from alloy AA3104. A distinct surface layer can be seen, characterized by fine aluminium subgrains and fine non-metallic particles. Subsequent TEM demonstrated that these were predominantly spinel (MgAl 2 O 4 ). Interestingly, these particles are not visible when imaged with secondary electrons, demonstrating the power of ion channeling contrast. Fig. 3 gives a longitudinal cross-section through the worn surface of a TiAlN/VN multilayer tested at room temperature. The surface proved to be extremely smooth. The ion channeling contrast clearly shows the columnar structure.
RESULTS
The worn surface proved to be extremely smooth. Subsequent TEM of this region indicated a very thin (~5nm) amorphous surface film, but no plastic deformation in the substrate. Testing at 300oC yielded a similar surface, except the amorphous film appeared to be absent, which was associated with an increase in friction coefficient. Finally, the 630 o C test was dominated by oxidation of the coating to V 2 O 5 , which resulted in a reduction in friction coefficient, but relatively high wear rates.
a)

DISCUSSION
The FIB allows site specific surface cross-sections to be removed. In all three examples provided, this was important in understanding the specific role of an individual component, such as the reinforcement in the Al alloys. The ion channeling contrast allows subsurface deformation and second phase particles to be reveald in a way that cannot be achieved by any other technique. The ability to then identify these phases and determine the microstructure at higher spatial resolution using TEM is unparalleled.
b)
For the Al-based MMCs, the particles had fractured, but the resulting fragments had become incorporated into the surface layer [1] . This had the effect of increasing the effective volume fraction of particles and was shown to increase wear resistance. Interestingly, plastic deformation occurred to a greater depth below particles than in the adjacent matrix, indicating load transfer. The mechanisms leading to the formation of the surface layer on the hot rolled Al alloys are still not entirely clear [2] . However, the oxide particles incorporated into the surface are known to stabilize the fine subgrain structure through Zener pinning. These particles are formed both during reheating, but are mainly incorporated into the surface during rolling as a result of the fragmentation of the surface oxide layers.
The TiAlN/VN coatings exhibited low wear rates and surface smoothing. This was associated with the formation of a thin (few nm) amorphous surface layer at room temperature. However, this layer was not present at 300 o C, which was believed to be directly responsible for the increase in friction. FIB was the only method to reveal such a surface layer.
CONCLUSIONS
FIB is an extremely powerful technique to reveal surface and near surface structures from site specific locations. The ion channeling contrast is a powerful method for revealing local deformation and fine second phase particles, which can be subsequently identified in the TEM. 
